Abstract: Novel ''micelles enhanced'' polyelectrolyte (PE) capsules based on functional templates of hybrid calcium carbonate were fabricated. Evidences suggested that the structure of capsule wall was different from that of conventional PE capsules, and the wall permeability of these PE capsules changed significantly. Lysozyme, a positively charged protein in neutral solution, was studied as a model protein to be encapsulated into the ''micelles enhanced'' PE capsules. Confocal laser scanning microscope was used to observe the entrapping process in real time, while UV-Vis spectroscope and scanning force microscope measurements suggested the high efficiency of encapsulation. In addition, the fluorescence recovery after photobleaching technique was employed to determine the existence form of deposited molecules. Further studies showed even negatively charged water-soluble peptides or proteins can be encapsulated into these hybrid capsules by modulating the pH value in bulk solution under its isoelectronic point as well.
INTRODUCTION
Layer-by-layer (LbL) assembly of oppositely charged polyelectrolytes (PE) on sacrificial core particles produces ultrathin PE-multilayer microcapsules after the core removal. [1] [2] [3] [4] A variety of different materials such as dyes, oxometalates, inorganic particles, and dendrimers in combination with linear PEs have been used to prepare multilayer microcapsules so that their physicochemical properties can be customized for various applications. [5] [6] [7] [8] Moreover, many attempts were made to encapsulate biomolecules into the PE capsules, such as enzymes and drugs, which could be made into a form of core template or be attached to core template particles prior to core decomposition so as to entrap them inside hollow capsules. [9] [10] [11] Macromolecules can be encapsulated into preformed capsules either using in situ polymerization of monomers inside the capsules via a ''ship in bottle'' synthesis 12 or by changing the wall permeability of the capsules by altering the bulk pH. 13, 14 Actually, low efficiency encapsulation or complicated procedure of these methods was usually found. It was reported that water-soluble substances could spontaneously deposit into the melamine formaldehyde (MF) based capsules due to the presence of MF residues in the capsule interior. 15 Because of the accidental amount of oligomer in the capsule interior, the encapsulation procedure cannot be well controlled for variable applications. 16 Anyway, it provides a new visual angle for encapsulating guest molecules into PE capsules-designing functional templates to govern encapsulation and wall permeability of resulting PE capsules. In this study, novel ''micelles enhanced'' PE capsules based on functional core templates-hybrid calcium carbonate were fabricated according to our previous report. 17 The induced accumulation of positively charged water soluble peptide and enzyme into these novel capsules was investigated in detail. By quantifying the concentration of lysozyme inside the capsule interior through UV-Vis measurements and observing the difference of the capsule wall thickness before and after incubation via scanning force microscope (SFM), it was found that this kind of capsules could entrap water soluble substances with high efficiency. Confocal laser scanning microscope (CLSM) was used to observe the entrapping process in real time. In addition, the fluorescence recovery after photobleaching (FRAP) technique was employed to determine the existence form of deposited molecules. Furthermore, albumin, a negatively charged protein in neutral solution, was also investigated as a model protein to be encapsulated into ''micelles enhanced'' capsules by modulating pH value of bulk solution.
MATERIALS AND METHODS

Materials
Amphiphilic block copolymer polystyrene-b-poly (acrylic acid) (PS-b-PAA, M w ¼ 12,500, the monomer molar ratio of styrene to acrylic acid in copolymer is about 2) was obtained from Rohm & Hass. Poly (styrenesulfonate sodium salt) (PSS) (M w ¼ 70,000) and poly (allylamine hydrochloride) (PAH) (M w ¼ 70,000) were from Aldrich. Fluorescein isothiocynate (FITC) was purchased from Aldrich. Serum albumin (M w ¼ 67,000) was purchased from Sigma. Lysozyme (M w ¼ 14,300) was supplied by Shanghai Zhibo Chemical Corp. PAH and PSS were dissolved into 0.5M NaCl solution, respectively, and the concentration of these two PEs came up to 2 mg/mL. FITC labeled lysozyme and albumin with molar ratio of lysozyme or albumin to FITC of 1:4 were separately prepared in our lab. All other reagents were commercially available and used as received.
Fabrication of PSS/PAH multilayers on hybrid CaCO 3 templates
Hybrid microparticles were prepared according to the method reported in Ref. 17 . PAH and PSS were absorbed on hybrid CaCO 3 microparticles in turn. The first layer is PAH. After 10 min of adsorption for each polyeletrolyte, the hybrid templates were centrifuged and the supernatant was discarded. Then the precipitate was rinsed with 0.05 mol/L NaCl solution three times. The oppositely charged PE was then added. Each adsorption step followed by triple-rinse with 0.05mol/L NaCl solution. After the adsorption of 12 layers, the hybrid cores were dissolved in trisodium EDTA (pH ¼ 7.3) for 30 min at agitation. The capsules were centrifuged, the supernatant was removed, and the capsules were resuspended in fresh trisodium EDTA. The washing procedure with tri-sodium EDTA was repeated four times. The resultant suspension of the formed microcapsules was washed four times with deionized water and stored in the centrifuge tubes.
Entrapping positively charged lysozyme into capsules CLSM images were collected with a Zeiss laser scanning system (510) equipped with a 403 objective. FITC-lysozyme was used as fluorescence probe. Spontaneous loading of positively charged substances into hybrid capsules at the neutral pH was studied with real-time confocal microscopy. Three PE multilayers [(PEI/PSS)PEI] were predeposited on the glass slide to keep the PE capsules immobile on it. The capsules suspension was dropped on the glass slide in advance (about 20 lL). Using constant laser intensity and PMT gain, CLSM was preset to auto-collect images every 15 s. Three microliter of probe solution (40 lg/mL) was added into the drop of capsules suspension, and the CLSM images were collected immediately. The fluorescence intensity from regions of interest inside the optically sectioned capsule was plotted versus time.
Study of the existence form of the entrapped substances in the capsules
As aforementioned, FITC-lysozyme filled capsules at the neutral pH value were fixed on the glass slide carrier with predeposited three PE multilayers [(PEI/PSS)PEI] in advance. The marked spots in FITC-lysozyme filled capsules were bleached for 1 s at maximum laser output at 488 nm. The recovery images were recollected and the relative fluorescence intensity was calculated automatically by using Zeiss 510 software.
Concentration determination of the entrapped substances inside the capsule interior
The concentration of the capsules in suspension was measured by Flow Cytometer (Becton Dickinson, FAC-SORT, USA). FITC-lysozyme was used as a spectral probe. UV-Vis measurement was adopted to quantify the concentration of the encapsulated substances inside the capsules. Six samples of capsules suspension (150 lL) were incubated with 400 lL lysozyme solution with various concentrations ranging from 20, 50, 100, 500, 1000 to 2000 lg/mL. The supernatant after incubation for 2 h was diluted and FITC-lysozyme concentration was determined by the absorbance at 488 nm. If the absorbance is above 1, the sample will be diluted to keep the absorbance versus concentration in linear range. The lysozyme concentration inside the capsule interior was calculated according to Eq. (1)
Where, C is the mean concentration inside the capsule interior (neglecting the amount of lysozyme absorbed on the outside PSS layer), N is the concentration of the capsules in suspension (N/mL), v is the volume of incubation solution (mL), r is the radius of capsules (cm), m 0 is the initial mass of FITC-lysozyme in each of the six incubation solution samples (lg), K is the slope of calibration curve of FITC-lysozyme in water, a is the diluted times, I is the absorbance of the lysozyme solution after incubation.
Albumin encapsulation under different pH conditions
Albumin encapsulation under different pH conditions was studied with real-time confocal microscopy. The drop of capsules suspension (pH ¼ 7) was fixed onto the glass slide carrier with pre-deposited three PE multilayers [(PEI/PSS)PEI] in advance (20 lL). Three microliter of FITC-albumin solution (40 lg/mL) at the neutral pH value was dropped in the drop of capsules suspension. Using constant laser intensity and PMT gain, CLSM was set to auto-collect images every 15 s. Three microliter of FITC-albumin in acidic solution (pH ¼ 3; 40 lg/mL) was added into the capsules drop, and the CLSM images were collected immediately.
Measurements
The size and size distribution of the PE capsules was determined by coulter LS-230 laser particle size analyzer (Miami, USA). Field emission scanning electronic microscope (FESEM, SIRION-100, PHILLIPS) was used to observe the morphology of the particles after a gold-palladium layer was sputtered by E-1020 ion sputter for 120 s. The samples were prepared by applying a drop of capsules suspension onto freshly cleaved mica, dried at room temperature and normal pressure. UV-Vis curves were obtained using a Perkin-Elmer UV-Vis Lambda 40 Spectrophotometer. SFM images were collected in air at 20-258C using a Nanoscope III Multimode SFM (Digital Instruments, Santa Barbara, CA). The samples were prepared by applying a drop of the capsules solution onto freshly cleaved mica, dried at room temperature and normal pressure.
RESULTS AND DISCUSSION
The hybrid calcium carbonate microparticles with a mean size of 8.4 lm were synthesized in the present of block copolymer PS-b-PAA according to the method reported in the Ref. 17 . FESEM images in Figure 1(a) shows the morphology of the hybrid CaCO 3 microparticles. These hybrid particles could serve as functional templates for fabricating PE capsules by LbL technique. Novel ''micelles enhanced'' PE capsules were thus obtained. The wall of the resulting capsules is significantly different from that of the conventional PE capsules with the same layers, 18, 19 which might lead to different permeability and encapsulation properties in contrast to conventional PE capsules.
Study on lysozyme encapsulation into the ''micelles enhanced'' polyelectrolyte capsules
Because of the presence of a large number of negatively charged micelles inside the capsules, the ''micelles enhanced'' PE capsules might have special properties of encapsulation. Here FITC-lysozyme was used as the model protein to study the encapsulation properties of ''micelles enhanced'' capsules. Induced deposition of the FITC-lysozyme was studied by CLSM as shown in Figure 2 . After the addition of FITC-lysozyme, fluorescence intensity inside capsules increased gradually. Selected images of capsules at 0, 60, 180, 360, 600, and 900 s during the loading process are presented in Figure 2(a-f) . In addition, the line-scan of fluorescence intensity for a single microcapsule in inset of Figure 2 clearly showed the process of induced deposition. As shown in Figure 2 , it can be observed clearly that the fluorescence intensity inside the capsule interior was significantly higher than that in the environment, indicating the higher FITC-lysozyme concentration inside the capsule interior compared with that in outside. The dynamics curve of induced deposition showed that the fluorescent intensity in the selected capsule came up to the maximum value after about 700 s (Fig. 3) . Consequently, it was rather rapid for FITC-lysozyme to be entrapped into ''micelles enhanced'' capsules.
SFM was used to observe the top view of the capsules in dried state and determine the thickness of the capsule wall before and after incubation (Fig. 4) . The wall of dry hybrid PE capsule came up to 110 6 20 nm [ Fig. 4(a) ]. As reported by Mohwald and coworkers, the thickness of each PE bi-layer is about 5 nm. 20 The wall of hybrid capsules is significantly thicker than that of the conventional PE capsules with the same six deposition bilayers ($30 nm). SFM image in Figure 4(b) is the top view of the hybrid capsules after incubation. The wall of dry capsules reached 180 6 20 nm. The difference between the capsule wall before and after incubation came up to about 70 nm. Supposing that a lysozyme monolayer adsorbed on the outside PSS layer is 5 nm, the amount of lysozyme adsorbed on a capsule can be calculated as
is a function, which denotes lysozyme mass adsorbed on the unit thickness of surface of hybrid capsules, ng/nm; dx is differential variable, which denotes the thickness of lysozyme adsorbed on the surface of capsule, nm). In a limited scope, f(x) can be supposed as a constant N (ng/nm). Thus the adsorbed lysozyme should be less than 5N, and the amount of encapsulated lysozyme can be considered as about 65N. The ratio of lysozyme encapsulated inside the capsule to that adsorbed on the capsule surface can be evaluated as about 13:1, which indicated that more than 90% of lysozyme was encapsulated into the capsules. The results of SFM suggested that water soluble protein (pI > 7) can be encapsulated into this novel kind of capsules with high efficiency.
The lysozyme concentration inside the capsule was further quantified by UV-Vis spectroscopy. Capsule concentration was 1.7 3 10 7 /mL as measured by flow cytometer. The mean size of the hybrid capsules is 9.8 lm by size analyzer. According to Eq. (1), the mean concentration inside the capsule interior can be calculated. So the mean amount of encapsulated substances for a single capsule can be evaluated as well. When the concentration of incubation solution was below 50 lg/mL, the supernatant concentration was beyond the UV-Vis lowest detection limit. So it could be considered that almost all the FITC-lysozyme was all entrapped into capsules under this condition (this point can be illuminated in Fig. 2 ). As shown in Figure 5 , with the concentration of incubation solution increasing from 20 to 2000 lg/mL, the concentration inside the capsule interior increased strikingly from about 0.6 to 46 mg/ mL. And the concentration of lysozyme inside capsule is about 80 times higher than that of bulk solution outside capsules. The same experiment was designed for entrapping FITC-triptoreline (M w ¼ 1131, a positively charged water soluble peptide used as efficacious candidate for prostate cancer in clinic) into ''micelles enhanced'' PE capsules, the result was similar to that of lysozyme and the concentration inside the capsule interior increased from 0.6 to 41 mg/mL.
FRAP technique was employed to demonstrate that lysozyme was deposited in a complexed form (Fig. 6 ). FITC-lysozyme was used as a detecting probe. Three capsules possessing induced deposition were selected. After photobleaching the spots shown in Figure 6(a) , only the bleached spot in capsules became dark, which suggested that there was no mass exchange within the capsule interior. Other three capsules were selected as a control group. The fluorescence recovery profiles [ Fig. 6(b) ] demonstrated that the fluorescence intensity decreased a little for both the three detected capsules and the three control capsules. The decrease of fluorescence intensity for the control group can be attributed to the self-bleaching. The slopes of the bleaching profiles and control profiles were nearly consistent. Consequently, it could be considered that no recovery of fluorescence intensity occurs inside the capsules, which in turn suggested that there was no mass exchange inside the capsule interior. These results indicated that the deposited substances should be in a complexed form.
The mechanism of induced encapsulation effect of ''micelles enhanced'' PE capsules A brief procedure for induced deposition process is illustrated in Scheme 1. On one side, the negatively charged PS-b-PAA based micelles interact with the most inner positively charged PAH layer to re- 
Study on the encapsulation of ampholyte into capsules
Considering proteins with isoelectric point below 7 can be changed into positively charged PEs when pH value of environment is below isoelectric point, experiments were also performed to investigate the encapsulation of this type of proteins into PE capsules. FITC-albumin (pI ¼ 4.7) was used as the model protein to observe the change of encapsulation with the change of protein surface potential (Fig. 7) . In pure water (pH is about 6.4), albumin is negatively charged PE, and it cannot be entrapped inside the capsules [ Fig. 7(a) ]. However, albumin will be positively charged when it is dissolved in acidic solution (pH ¼ 3 for instance). In this case, induced deposition occurred as shown in Figure 7(b-f) . The fluorescence intensity inside the capsules at 450 s came up to peak value of the instruments. This result clearly demonstrated FITC-albumin, a negatively charged PE in neutral solution, could be rapidly entrapped into ''micelles enhanced'' PE capsules by modulating the surface potential of albumin molecules.
In addition, evidences showed that negatively charged substances such as sodium fluorescein, albumin could not enter the capsule interior, independent of molecule weight (unpublished data), whereas positively charged water-soluble substances could be efficiently entrapped without any additional force. This process occured due to the presence of PS-b-PAA based micelles inside the capsule interior. These micelles provide a huge negatively charged surface, which serves as a driving force to induce positively charged substances into the capsule interior. The capsule wall seems like semipermeable ion exchange membrane, allowing passage of certain positively charged water soluble proteins or peptides, while acting as a barrier to the negatively charged. Additionally, water soluble proteins or peptides are ampholytes, and the electrical properties of ampholytes can be modulated to positive potential by modulating the pH value of solution below the corresponding isoelectric point. Accordingly, this kind of hybrid capsules can efficiently entrap water soluble ampholytes with appropriate molecule weight as well. 
CONCLUSION
In conclusion, by introducing functional templates for fabricating PE capsules by LbL technique, novel ''micelles enhanced'' PE multilayer capsules were obtained, which could entrap peptides, proteins, and other ampholytes with high efficiency. The size of these novel capsules ranges from about 1 to 10 lm according to the corresponding templates used. 17 The method of preparing the PE capsules is easy, convenient, and reproducible. These novel capsules might find their way in drug delivery system, enzyme fixation, bioreactor, and biosensor. Additionally, since the wall structure has a great effect on the encapsulation and release behaviors of these PE capsules, further study on the wall structure and its influence on the other physicochemical properties is under way, and the related results will be reported in near future.
